In the present study, we analyze the effects of a flux of Alfvén waves acting together with radiation pressure on grains as an acceleration mechanism of the wind of late-type stars. In the wind model we simulate the presence of grains through a strong damping of the waves, we use a non-isothermal profile for temperature coherent with grain formation theories. We examine the changes in the velocity profile of the wind and we show that if the grains are created in the region 1.1 < r/r 0 < 2.0 their presence will affect the mass loss and terminal velocity. The model is applied to a K5 supergiant star and for Betelgeuse (α Ori).
Introduction
Mass loss from late-type stars is evidenced by the blueshifted circumstellar absorption lines present in their spectra. Giant and supergiant stars eject mass at a rate of ∼ 10 −10 − 10 −5 M ⊙ yr −1 with terminal velocities u ∞ ∼ 10 − 50 km s −1 , which is lower than the surface escape velocity (v e0 ) (Deutsch 1956; Weymann 1962; Habing 1996; Lamers & Cassinelli 1999; Carpenter et al. 1999 ). An outward-directed flux of Alfvén waves has been proposed for driving these winds (Belcher & Olbert 1975; Haisch, Linsky & Basri 1980; Hartmann & MacGregor 1980; Jatenco-Pereira & Opher 1989a; MacGregor & Charbonneau 1994; Charbonneau & Macgregor 1995) . For late-type giant and supergiant stars, this nonthermal energy flux must be deposited in the region of subsonic flow to explain the observed u ∞ < v e0 (Hartmann & MacGregor 1980; Leer & Holzer 1980 ).
We have direct evidence for Alfvén waves in the solar wind. Waves are observed with large perturbations in the magnetic field, with negligible density perturbations, indicating the presence of Alfvén waves. Since the early observation of MHD waves in the solar wind (Belcher & Davis 1971) , various authors have suggested that Alfvén waves could be important in transfer momentum to the wind. We know from the solar coronal holes observations that the density is likely to fall off faster than r −2 (e.g. Hollweg 1981; Doschek et al. 1997) , while the magnetic field strengths is proportional to r −2 (Linsky 1987) . In our simulations we show that this behavior exists up to r < 3r 0 . The energy flux per unit area transported by the wave, φ A , is φ A ≃ ǫv A ≃ (1/2)ρ 0 δv 2 v A , where ǫ is the energy density of the waves. This energy flux is constant, when there is no damping, or decreases due to damping, such that ǫ decreases with r. Since the pressure associated with the wave is proportional to ǫ, then this pressure also decreases with r. The result of this is a pressure gradient that accelerates the gas (Castor 1981) .
Alfvén waves have been used to explain the heating of stellar corona and the production of stellar winds in many regions of the Hertzsprung-Russell (HR) diagram. They are used to explain the solar wind acceleration (Jatenco-Pereira & Opher 1989b; Jatenco-Pereira, Opher & Yamamoto 1994) , cool supergiant stars (Charbonneau & Macgregor 1995; Airapetian et al. 2000) and winds in hot stars (Cassinelli 1979; Underhill 1983; dos Santos, Jatenco-Pereira, & Opher 1993) . These waves can also be important in T Tauri variables (Hartmann, Edwards & Avrett 1982; Jatenco-Pereira & Opher 1989c; Vasconcelos, Jatenco-Pereira & Opher 2000) . The origin of Alfvén waves was suggested by Opher & Pereira (1986) to be the annihilation of twisted magnetic fields near the surface. These annihilation sites that could also explain the variable hot-spots observed in late-type stars (Gray 2000 (Gray , 2001 Young, Baldwin, Boysen et al. 2000) . The waves can also be generated by convective motions inner in the envelope, that create perturbations in the magnetic fields.
On the other hand, in cool supergiant stars, the presence of grains are well know determined by infrared excesses (Woolf & Ney 1969) . However, the region of nucleation is not precisely determined. These grains are supposed to be the main responsible for radiation absorption, and also are supposed to contribute in the acceleration of the wind (e.g. Jura 1986; Elitzur & Ivezic 2001) . The temperature profile of the wind for these stars is also not very well known, but by nucleation theories (Gail & Sedlmayr 1987 ) the temperature range for grain formation is 400 K < T < 2500 K.
Besides, the high luminosity of these stars have lead many authors to include the radiation pressure as a mechanism to explain the mass loss. MacGregor and Stencel (1992) studied the interaction between gas and dust in the curcumstellar envelope of late-type stars. In their analysis the grains and gas are well coupled if the grain radius is ∼ 10 −5 cm while for small grains < 5 × 10 −6 cm, the collision momentum transfer is insufficient to induce expansion of the atmosphere as a whole. Davila (1985) emphasized that on the surface of the Sun one might expect that boundary effects may be important, and a WKB approximation may not be valid whenever the MHD wavelength (λ) becomes greater than d ∼ 10 10 cm ∼ 0.14r 0 , the characteristic transverse dimension of a solar coronal hole, in despite of Usmanov et al. (2000) that used a WKB approximation for the solar wind, in comparison with Ulysses data. We assume an Alfvén wave flux with an averaged wavelength λ < 0.5r 0 such that the WKB approximation is valid. JPO used a wave period P > 10 4 s and discussed other possible damping mechanism
for Alfvén waves such as nonlinear damping, resonant surface damping and turbulent damping. They show that these damping processes can produce acceptable winds in late-type giant stars. We extend the JPO model including a simulation of a strong damping of Alfvén waves, possibly due to a grain interaction, and the effect of radiation pressure in the wind acceleration. The changes in the velocity profile of the wind are compared with the pure plasma and isothermal model.
In section 2, we briefly describe the JPO model. In section 3, we present the inclusion of grain interaction with Alfvén waves in a non-isothermal temperature profile and the radiation pressure on grains. In section 4, we apply this magnetic-radiation model in a K5 supergiant star and α Ori and discuss the results. In section 5 we summarize our conclusions.
The Model
The model suggested by JPO for mass loss in late-type stars takes into account our knowledge of coronal holes in the Sun. From surface, the magnetic field configuration is divergent, and after a transition radius, r T , it becomes radial. The net non-radial expansion at this region is given by the factor of F ≡ (Munro & Jackson 1977) .
JPO used F = 10 for supergiant stars. They used the diverging geometry for the magnetic field suggested by Kuin & Hearn (1982) and Parker (1963) given by
where A(r) is the cross section of the geometry at a radial distance r, r 0 is the initial radius and S is a parameter that determines the divergence of the geometry up to the transition radius r T . The geometry is radial for r > r T . JPO analyzed the effect of the change in the opening angle of the magnetic field on mass loss and terminal velocity of a "typical" K5 supergiant star. They used a flux of Alfvén waves as the acceleration mechanism of the wind, with non-linear, surface Alfvén wave absorption and turbulent damping. In the model, for a given initial damping length at r 0 an upper limit of S exist when mass loss stops, S max . They found acceptable solutions for 3 < S < 7. They showed for a range of initial damping lengths, L 0 ∼ 0.1 − 0.2r 0 , and an isothermal atmosphere, T ∼ 10 4 K, that a divergent geometry can produce the observed large mass loss rates and the small ratios 
where u is the ejected velocity at the radius r, Z = S for r 0 ≤ r ≤ r T and Z = 2 for r > r T .
N and D are given by
where v A = B/ √ 4πρ, is the Alfvén velocity, v th = kT /(µm H ), is the thermal velocity,
is the Mach number, u is the wind velocity, L is the damping length of wave and δv 2 the velocity associated to the magnetic field variation.
The equations were solved in 1-D, along the magnetic field lines, in a cylindrically symmetric geometry, assuming the wave flux consistent with δB/B << 1 and P > 10 4 s, which is implicit in the initial damping length. In the present study the fluctuations in velocity, magnetic field and density are small allowing a linear treatment of Alfvén waves (Boynton & Torkelsson 1996) , in despite of e.g. Ofman & Davila (1998) model for solar coronal holes, where the fluctuations of density and velocity were large and a nonlinear treatment of the Alfvén waves were necessary.
3. Grains simulation, temperature profile and radiation pressure
Simulation of strong damping of Alfvén waves
In JPO model the Alfvén waves were supposed to be damped by nonlinear process with damping length, L 1 , resonant surface damping, L 2 , and turbulent damping, L 3 , separately although they may contribute jointly. The damping length for each case is given by:
where L 10 , L 20 , L 30 are the initial damping length for each mechanism and u 0 is the initial plasma velocity.
The above damping lengths were used in pure hydrogen plasma, i.e. there is no grain formation. Experimental (Elfimov et al. 1997) , and theoretical (Havnes, Hartquist & Phillip 1989) , researches show that Alfvén waves are suddenly damped in "dust plasma"
environments. Impurities in the wind may increase the dissipation of the Alfvén waves. In the case of a stellar wind, inhomogeneous turbulent regions can occur immediately after the sonic point and they may manifest themselves as a sudden decrease in the damping length.
We suppose that a sudden decrease in the damping length is correlated to the presence of grains although we do not treat them physically. This local dissipation may be simulated as an exponential decay of the damping length of the wave with distance given by:
where r 1 is the initial location in the wind where the grains can form which corresponds to the damping length L r 1 and A is a constant that shows how suddenly is the damping decay.
The determination of the grains formation region is highly uncertain, since this region can not be determined by the observations. Gail, Keller and Sedlmayr (1984) , Sedlmayr (1986, 1987) and Clayton et al. (1992 Clayton et al. ( , 1995 presented a theoretical nucleation model. Their results determines the region 1r 0 < r < 2r 0 for SiO grains formation at cool supergiant envelopes, that is named here by "grain formation point" (GFP, hereafter).
Analyzing the dependence of the three previous damping mechanisms in the JPO model vs. r (eqs. 5, 6 and 7) we note that all of them have the same behavior in the inner regions of the wind. They initially rise and peak for r < 2r 0 as we can see in Figure 1 .
It means that considering the region of nucleation given by Gail, et al. (1984) , the model is independent of which initial damping mechanism we use, since differences only occur at large distances. For comparison we plot in Figure 1 these three damping lengths as a function of r and the simulation of strong damping of Alfvén waves given by eq. 8. In our simulations we used the nonlinear mechanism (L 1 ) from the stellar surface until the region of grain formation and thereafter the wave damping assumes the form given in eq. 8.
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The temperature profile
Observations of the solar atmosphere show that the temperature (∼ 6000 K) decreases reaching a minimum temperature at about 500 km above surface and increases slightly after, to ∼ 10 4 K, into the chromosphere, and then suddenly jumps through a narrow transition layer to ∼ 2 × 10 6 K in the corona. The solar wind is an extension and a super-sonic expansion of the solar corona into interplanetary space (Priest 1985).
As in the Sun, we assume that the same behavior of temperature profile takes place in the giant and supergiant stars. This profile must be consistent with grain formation, since the grains can be formed only at low temperatures regions.
In this work we introduce a temperature profile from a minimum ∼ 2000 K, above the photosphere, similar to the profile obtained by Hartmann & Avrett (1984) and a rapidly increase to ∼ 10 4 K at r = 2r 0 . This profile is in agreement with the Sedlmayr (1986, 1987) theory. Rodgers and Glasshold (1991) modelled the thermal equilibrium of the alpha Ori atmosphere, assuming that heating occurs by grain-gas collisions and by radiation absorption and the cooling occurs by adiabatic expansion and radiative de-excitation. They found a decreasing profile for r > 2r 0 , from 10 4 to 2000 K at r = 10r 0 . By this way, we combined the solar observations, for sudden increase of temperature in chromosphere, to the Rodgers & Glasshold (1991) model.
Radiation pressure

Many authors have tried to explain the mass loss processes of luminous stars like
Wolf-Rayet using only radiation pressure as the accelaration mechanism. The great problem that arises in this star is called "the momentum problem", that consists of a radiation field momentum lower than the momentum of the wind (Abbott 1978) : In order to verify if radiation pressure can be important in driving late-type star wind we include the radiation pressure into the wind equation using an effective escape velocity.
Taking a pure radiative driven wind, the force exerted on a grain of radius a situated at a distance r from a star of luminosity L ⋆ and mass M ⋆ is:
where Q is the mean extinction efficiency factor of the grain, and a ∼ 10 −5 cm is the grain radius value.
Using the Newton's Law, the wind equation becomes:
or
where the factor Γ is given by: Γ =
, with
the ratio of the grain number density to the gas mass density.
If we call:
we define the effective escape velocity..
The escape velocity (12) is introduced in equation (3) in the region where the grains may affect the wind dynamics i.e. for r > GF P (with 1.1r 0 < GF P < 2r 0 ). We assume that most of the radiation is absorbed by the grains in this region. This radiation absorption is partially responsible for grain destruction and acceleration. These accelerated grains are dynamically connected to gas (Lafon & Berruyer 1991; Liberatore, Lafon & Berruyer 2001) , so that the grains transfer momentum to the gas inducing the mass loss.
Results
This magnetic-radiation driven winds model consider a steady, cylindrically symmetric and 1-D wind emanating from a divergent magnetic field geometry with a temperature gradient similar to the Sun atmosphere. We assume that a flux of Alfvén waves, which properties were defined in earlier sections, are generated near the stellar surface and propagate outward. Since in the inner region of the wind the damping mechanisms already studied in JPO have the same behavior we so use the non-linear one untill the GFP, after that we use the damping length given by eq. 8. In the region of grain simulation (r > GF P ) the radiation pressure in grains, as well as the grain damping, are taken into account from GFP to 300r 0 . We applied the model to the K5 supergiant, (model 6 of Hartmann & MacGregor (1980) ) and α Ori.
K5 supergiant star
We used (see e.g. Charbonneau & Macgregor 1995; Whitelock et al. 1995; Lamers & Cassinelli 1999; Lindqvist et al. 2000) .
First we performed some simulations in an isothermal wind in order to evaluate the influence of the grains on the terminal velocities, found by previous pure plasma model. The introduction of damping by grains has an important effect in decreasing the flux of Alfvén waves much more effectively than the others damping mechanisms. As a consequence the terminal velocity of the wind reaches lower values as compared with JPO model. Since the grain formation region is not well known, we introduced the damping by grains at different distances from the stellar surface. The models show that as closer to the surface the grain if formed, lower is the asymptotic velocity. This effect is caused by the lose of wave energy by the strong damping, which leaves the wind unsupported against gravity.
Decreasing the non-radial expansion factor S we can collimate the wave flux into a smaller area accelerating the gas more efficiently. On the other hand, we found that for r > 2r 0 the presence of grains is not important for the wind dynamics. The properties of the model can be seen in Table 1 .
[EDITOR PLACE This relation may be used to estimate the Alfvén wave flux on other stars like Betelgeuse, for example.
Betelgeuse (α Ori)
Betelgeuse observations give the terminal velocity, u ∞ ∼ 15 km s −1 and a mass loss rateṀ ∼ 2 − 5 × 10 −6 M ⊙ yr −1 (Loup et al. 1993; Knapp & Woodhams 1991) . We applied the magnetic-radiation model to this star with a temperature profile given by Rodgers and Glasshold (1991) . We used the following initial conditions: M * = 8M ⊙ , B = 10 G, r 0 = 300R ⊙ , L * = 10 4 L ⊙ and Γ = 0.7, S = 5, L 0 = 0.2r 0 and the GFP located at r = 1.24r 0 . The Alfvén wave flux can be determined by ξ = 10 −3 . We found φ A0 = 6.9 × 10 6 erg cm −2 s −1 . As in the previous section, we performed the calculations until r = 300r o . However, we show in Figure 3 the resultant velocity profile until r = 10r 0 since for r > 10r 0 the curve becomes flattened showing the same terminal velocity.
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We obtained u ∞ ∼ 16 km s −1 andṀ = 4 × 10 −6 M ⊙ yr −1 , very similar to the observations. Betelgeuse also has high UV emission at r ∼ 2r 0 region. This emission may be connected to the MHD waves damping (Gilliand & Dupree 1996) and with a sudden heating of this region, which is in agreement with our model.
Conclusions
In this work we present a model to study mass loss processes in late-type stars, using an Alfvén waves flux added to radiation pressure as accelerating mechanisms. We simulate the presence of grains in the sense of a strong damping of Alfvén waves in the region r > GF P (which is about 1.1r 0 < GF P < 2r 0 ). In this region we added the radiation pressure as an acceleration mechanism of the wind. In accordance with grain formation theories and in agreement with observations, we took into account a temperature profile for the wind going 
